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Intercellular adhesion molecule-1 (ICAM-1) plays a 
central role in various inflammatory reactions and its 
expression is readily induced by inflammatory stimuli 
such as cytokines or ultraviolet irradiation. We have 
investigated the effect of ionizing radiation (IR) on 
human ICAM-1 expression in human cell lines and 
skin cultures. ICAM-1 mRNA levels in HL60, HaCaT, 
and HeLa cells were elevated at 3 - 6 h after irradiation 
and increased with doses from 10-40 Gy. The rapid 
induction of ICAM-1 occurred at the level of tran-
scription, was independent of de novo protein synthesis, 
and did not involve autocrine stimuli including tumor 
R esponses of mammalian tissue to ionizing radiation (IR) include inflammation and altered immune recog-nition, as well as fibrosis, necrosis, and malignant cell transformation. The responsible cellular and molecu-lar 'mechanisms are currently the subjects of intensive 
investigations. Besides damaging genomic DNA, irradiation has 
recently been shown to activate the transcription of several mam-
malian genes (for review see [1 D. A key role in gene regulation after 
irradiation has been attributed to the early activation of transcrip-
tion factors like AP-l and nuclear factor KB (NF-KB) that may 
modify, among other things, the expression of cytokines, growth 
factors, or histocompatibility molecules, leading to IR-induced 
changes in tissue homeostasis. 
Intercellular adhesion molecule (ICAM)-l is a transmembrane 
glycoprotein belonging to the immunoglobulin superfamily and 
mediates cell-cell adhesion by acting as a receptor for the leukocyte 
surface antigens LFA-l (CDlla/CD18), Mac-l (CDI1b/CD18), 
and leukosialin (CD43) [2-4]. It plays a key role in a wide range of 
leukocyte functions such as antigen-dependent T-cell activation 
and proliferation, cell-mediated cytotoxicity, T -cell- dependent B-
cell activation, and leukocyte adhesion prior to migration through 
endothelium at sites of inflammation [5-7]. ICAM-l is constitu-
tively expressed in numerous tissues at a low level and is readily 
induced by many different stimuli , including ultraviolet (UV) radi-
ation, phorbol esters, and proinflammatory cytokines such as tumor 
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necrosis factor-a and interleukin-1. IR also induced 
ICAM-1 cell surface expression within 24 h. Immuno-
histologic analysis of cultured human split skin re-
vealed ICAM-1 upregulation on epidermal keratino-
cytes and dermal microvascular endothelial cells 24 h 
after exposure to 6 Gy. In conclusion, we propose 
ICAM-1 as an important radiation-induced enhancer 
of immunologic cell adhesion, which contributes to 
inflammatory reactions after local and total body irra-
diation. Key words: gene expression/skin/injlammation/cy-
tokines.] Invest Dermatoi103:726-730, 1994 
necrosis factor (TNF)-a, interleukin (IL)-l , or interferon (IFN)-y 
[8 -11]. C linically, enhanced ICAM-l expression is seen in various 
inflammatory skin diseases including acute graft-versus-host disease 
[12 -14]. 
Because ICAM-l expression is thought to playa central role early 
in inflammation, and because the ICAM-l promoter region con-
tains putative binding sites for IR-inducible transcription factors 
[15,16], we asked whether IR induces ICAM-l gene expression. 
Here we demonstrate that IR upregulates ICAM-l expression in 
various human cell lines and skin cultures. These findings suggest a 
contribution of ICAM-l gene expression to the inflammatory IR 
response. 
MATERIALS AND METHODS 
Cell Culture The human pro myelocytic leukemia cell line HL60 and the 
human cervical carcinoma cell line HeLa were purchased from American 
Type Culture Collection, Rockville, MD. HaCaT, a spontaneously immor-
talized, nontumorigenic keratinocyte cell line [17), was a kind gift from 
N. Fusenig, DKFZ, Heidelberg, Germany. Cells were cultured in RPM! 
1640 (HL60, HeLa) or Dulbecco's modification of Eagle's medium (DME) 
(HaCaT) supplemented with 10% fetal bovine serum (FBS), 2 mM L-gluta-
mine, antibiotics (100 Ujml penicillin and 100 IlgjmL streptomycin), and 
11lgjml amphotericin B (all from GibcojBRL, Eggenstein, Germany) at 
37'C and 5% CO2 , 
Culture of Human Split-Skin Biopsies Split normal human skin was 
obtained during split-skin transplantations and prepared as previously de-
scribed [18). Briefly, fres h biopsies containing w hole epidermis, papillary 
dermis, and an upper portion of the reticu lar dermis were trimmed to pieces 
of about 1 cm2 and subsequently cultured in DME supplemented with 20% 
FBS, 20 mM HEPES (Sigma, Deisenhofen, Germany), antibiotics, and am-
photericin B at 37"C and 5% CO2 , Culture was performed 24 h prior to 
irradiation; 24 h after irradiation, cultures were snap-frozen until immuno-
histochemical analysis. 
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Irradiation Cells and short-term skin cultures were exposed to IR. En-
ergy doses of irradiation are expressed in grays (Gy) [19]. This unit indicates 
the amount of energy absorbed per unit mass. One gray equals 1 Joule per kg 
of absorbing material and corresponds to 100 rad, which is now an obsolete 
unit. Cultures were exposed to a single dose of 10-40 Gy delivered by 
bilateral irradiation from a Cs137 source (Gammacell, HWM-D-2000, Ot-
tawa, Canada) at a dose rate of 0.95 Gy/min. Skin cultures were exposed to a 
single dose of 6 Gy supplied by an X-ray apparatus (43kV, Dermopan II , 
Siemens, Germany) at a dose rate of 1.14 Gy/min. Unirradiated controls 
were removed from the incubator during the irradiation procedure. 
Treatment of Cells with Chemical Reagents and Antibodies For 
inhibition of protein synthesis, cycloheximide (50 J1g/ ml) , anisomycin 
(10 p g/ml) , or cycloheximide (11 .2 pg/ml), in combination with anisomy-
cin (2.7 pg/ml), were applied to cells 30 min before irradiation. For block-
ing de '/ovo transcription, actinomycin D (5 J1g/ml) was added 30 min before 
irradiation. All chemicals were purchased from Sigma. Neutralizing anti-
bodies were applied to cell cultures 30 min before irradiation. The murine 
anti-human TNF-a monoclonal antibody (MoAb) MAK195 was kindly 
provided by Knoll , Ludwigshafen, Germany, and was used at 10 and 20 pg/ 
ml [20] . The polyclonal rabbit anti-human IL-1 antibody preparation P-401 
(Endogen, Boston, MA) was used at 10 and 40 Jlg/ml and murine anti-hu-
man rL-la and IL-lj1 MoAbs (clones alpha 29 and beta 36, Dianova, Ham-
burg, Germany) at 10 Jlg/ml each. 
Northern Blot Analysis Total cellular RNA was isolated from cells, 
size-fractionated by agarose-formaldehyde gel electrophoresis (20 J1g 
RNA/lane), transferred to nylon membranes, and hybridized to P32-labeled 
human cDNA probes [21]: a 1.2-kb Sal I-Kpn I-fragment of the rCAM-l 
eDNA clone pGH1.1 ms- (kindly provided by D. Staunton, Dana-Farber 
Cancer Institute, Boston, MA), an 820-bp Ecc Rr-fragment of the TNF-a 
eDNA clone 0173 (kindly provided by A. Singh, Genentech, San Francisco, 
CAl, a 1.5-kb Pst I-fragment of the IL-lj1 eDNA clone pj1IL-1 (kindly 
provided by Genetics Institute, Cambridge, MA), a l-kb Pst I-fragment of 
the rFN-y eDNA clone p52 (A. Singh, Genentech), and a 0.2 l-kb poly-
merase chain reaction (PCR) product amplified from a human glycerolalde-
hyde dehydrogenase (GAPDH) eDNA. 
Fluorescence-Activated Cell Sorter (FACS) Analysis Cell surface 
rCAM-1 expression was assessed by immunofluorescence flow cytometry as 
described previously [22]. Adherent cells were trypsinized prior to staining. 
Cells were incubated with the murine anti-human ICAM-1 MoAb 84HI0 
(kindly provided by S. Shaw, NCr, Bethesda, MD [23]) or with an isotype 
control MoAb (mouse immunoglobulm [rg]G 1, SIgma), subsequently 111CU-
bated with a fluorescein isothiocyanate (FITC)-bbcled goat anti-mouse IgG 
(Southern Biotechnologies, Birmingham, AL), and analyzed in a FACScan 
II flow cytometer using the Lysis II program (Becton Dickinson, Heidel-
berg, Germany) . rCAM-l surface expression was quantified as median fluo-
rescence intensity of staining with MoAb 84HI0 and was corrected for 
autofluorescence by subtracting median fluorescence intensity va.Iues ob-
tained with the isotype control MoAb. Propidium iodide (50 ng) was added 
to cells after the final wash, and FACS analysis was performed for the 
distinction of intact propidium-iodide - negative from dead propidium-
iodide-positive cells. Dead cells were excluded from analysis. 
Immunohistochemistry Cutaneous rCAM-1 expression 011 short-term 
organ cultures was assessed by immunohistochemistry using the APAAP 
technique [24]. SerialS-pm cryostat sections were stained in parallel with 
MoAb 84HI0 and with the IgGl isotype control MoAb as a negative con-
trol. 
Statistical Analysis The Mann-Whitney U test was used to evaluate 
statistical differences of test and control groups, when irradiated and test 
groups were compared to untreated controls. Values are expressed as 
mean ±SEM. 
RESULTS 
IR Induces ICAM-1 mRNA in Human Cell Lines of Differ-
ent Origin Following exposure to 40 Gy of IR, a marked in-
crease in the level ofICAM-l mRNA was noted at 3 h in HL60 and 
HeLa and at 6 h in HaCaT cells (Fig 1). The increase peaked at 
6-8 h and subsequently decreased after 10 h , as shown for HeLa 
cells (Fig 1). Baseline ICAM-1 expression of all cell lines varied 
slightly between different experiments (not shown). Within the 
examined dose range (10-40 Gy) ICAM-1 mRNA induction was 
observed at 10 Gy and increased up to 40 Gy in HL60 and H aCaT 
cells (Fig 2). 
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Figure 1. Time course of ICAM-l mRNA upregulation by IR. 
reAM-t, TNF-a, and rL-lj1 mRNA levels were determined in HL60, 
HaCaT, and HeLa cells at varying timepoints after exposure to 40 Gy ofIR. 
Total cellular RNA was isolated and analyzed by Northern blot hybridiza-
tion using 32P-Iabeled, human eDNA probes. Ethidium bromide staini ng of 
total cellular RNA is shown as a control for loading uniformity (28S/ 18S, 
28S, and 18S ribosomal RNAs). 
ICAM-1 mRNA Induction Involves Transcriptional Activa-
tion Actinomycin D abolished ICAM-1 mRNA expression 
equally in unirradiated and irradiated HeLa cell s; rCAM-l message 
was virtually undetectable at 6 h after irradiation. Therefore, the 
marked elevation of ICAM-l mRNA levels at 3 and 6 h after irra-
diation is due to induction of de '!Ovo mRNA synthesis rather than to 
stabilization of the ICAM-1 m essage (Fig 3). Similar results were 
obtained for H aCaT cells (not shown). Because constitutive ICAM-
1 expression was low in HL60 (Fig 1), it was not possible to evalu-
ate accurately the effects oflR on ICAM-t mRNA stability in these 
cells. 
Elevation ofTNF-a/IL-1,8 mRNA Levels Precedes ICAM-1 
tnRNA Upregulation Mter Irradiation, but ICAM-1 mRNA 
Induction by IR Is Not Inhibited by Neutralizing Antibodies 
Against TNF-a and IL-1 To study the role ofIFN-y, IL-l, and 
TNF-a in ICAM-1 induction by IR we investigated the mRNA 
expression ofIFN-y, IL-1,8, and TNF-a in th e irradiated cel l lines. 
IFN-y was not expressed at detectable levels by any of the cell lines 
before or after irradiation (data not shown). TNF-a was not ex-
pressed in HeLa and HaCaT cells, either constitutively or after IR 
exposure, and can therefore be excluded as an essential mediator of 
ICAM-1 induction in these cell lines (Fig 1). However, TNF-a was 
induced in HL60 cells and IL-l,8 in all three cell lines prior to 
ICAM-1 mRNA upregulation (Fig 1). We therefore evaluated a 
possible contribution of these cytokines to ICAM-l upregulation. 
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Figure 2. Effect of different doses ofIR on ICAM-l mRNA expres-
sion in HL60 and HaCaT cells. Total cellular RNA was isolated from 
controls (0) and irradiated cells at 6 h after exposure to varying doses of IR. 
Northern blot hybridiza tion with a 32P-Iabeled human ICAM-l eDNA 
probe and with a 32P-Iabeled human GAPDH probe as control is shown. 
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Figure 3. Effect of actinomycin D on IR-induced ICAM-l gene ex-
pression. HeLa cells were either left untreated or incubated with 5 ttg!ml 
actinomycin D (A) for 30 min. Subsequently, cel ls were either left Unlrra-
diated or exposed to 40 Gy ofIR (IR). Total cellular RNA was isolated from 
untreated controls (0) and from treated cells at 3 and 6 h after irradiation and 
analyzed by Northern blot hybridization using a 32P-labeled human ICAM-
1 cDNA probe. Ethidium bromide staining of total ce llular RNA is shown as 
control (28S/18S, 28S, and 18S ribosomal RNAs). 
When added to cell cultures 30 min prior to irradiation, neither 
anti - TNF-a nor anti - IL-l neutralizing antibodies prevented 
ICAM-1 mRNA up regulation by 40 Gy ofIR in HL60 and HaCaT 
cells (data not shown). 
ICAM-l mRNA Induction is Independent of De Novo Protein 
Synthesis The effect of protein synthesis inhibition on IR-in-
duced ICAM-l mRNA upregulation was examined in HL60 cells. 
Cycloheximide treatment alone was associated with a significant 
increase in ICAM-l mRNA levels . Irradiation (40 Gy) after prein-
cubation with cycloheximide led to a superimposition of cyclohexi-
mide and IR effects onto ICAM-l mRNA induction. Similar results 
were obtained when cycloheximide was used in combination with 
anisomycin, which inhibits protein synthesis by a different mecha-
nism, or when anisomycin was given alone . Therefore, ICAM-l 
mRNA induction by IR does not require de n01lo protein synthesis. 
Culture Supernatants Do Not Transduce the IR Response 
To screen for soluble factors that would contribute to IR-induced 
ICAM-l express ion in an autocrine fashion, culture supernatants 
from cells irradiated with 40 Gy were taken at various timepoints 
(5 min, 15 min, 45 min, 90 min, 3 h, and 5 h after IR) and trans-
fe rred to unirradiated cells of the same cell line. Supernatant-treated 
cell s were analyzed for ICAM-l mRNA expression at 6 h after 
irradiation. There was no change iniCAM-l mRNA levels in any 
of the supernatant-treated cell populations compared to untreated 
controls in both HL60 and HeLa cells. This indicates that ICAM-l 
induction after irradiation is not mediated by release of a preformed 
cellular factor. 
ICAM-l Cell Surface Expression is Upregulated by IR IR 
increased ICAM-l surface expression, as shown by immunofluores-
cence flow cytometry. Induction of ICAM-l surface protein was 
noted 10 - 12 h after application of20 Gy in both cell lines . ICAM-
1 surface induction was more pronounced 24 h after 20 Gy of IR; 
the median fluorescence intensity in HaCaT cells was 10.83 ± 0.51 
(n = 6) compared to 5.05 ± 0.41 (n = 6) in unirradiated controls 
(not shown). In HL60 cells, 24 h after 20 Gy of IR, the median 
fluorescence was 18.4 ± 2.69 (n = 6) compared to 1.25 ± 0.09 
(n = 6) in uni rradiated controls (Fig 4) . The increase of ICAM-l 
cell surface expression 24 h after irradiation was statisticall y signifi-
cant (p = 0.039) in both cell lines studied. No loss of viability was 
seen in HaCaT cells 24 h after exposure to 20 Gy of IR, as deter-
mined by PI uptake. HL60 cell viability decreased by approximately 
30% at 24 h after 20 Gy of JR. 
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Figure 4. Induction ofICAM-l cell surface expression by IR. HL-60 
controls (A) were harvested in parallel witb 20 Gy-irradiated HL-60 cells 
(B) at 24 b after irradiation. Immunofluorescence flow cytometry was per-
formed with either anti-ICAM-1 MoAb 84H10 (dot.led IiI/C) or IgG 1 iso-
type control MoAb (solid IiI/c) . 
IR Induces ICAM-l Expression on Keratinocytes and Endo-
thelial Cells in Short-Term Split-Skin Cultures Staining of 
unirradiated control skin with the anti-ICAM-l MoAb 84HI0 did 
not reveal any signal in the epidermis. Within the papillary dermis, 
endothelial ICAM-l expression was detected in some, but not all 
vessels (Fig SA). Twenty-four hours after exposure to 6 Gy of IR, 
there was a focal induction of ICAM-1 on basal and suprabasal 
epidermal keratinocytes. Enhanced endothelial staining was seen, 
inasmuch as signal intensity was increased and capillaries previously 
negative for ICAM-l expressed ICAM-l (Fig SB). An irrelevant 
IgG 1 MoAb did not reveal any staining in un irradiated or irradiated 
skin (not shown). 
DISCUSSION 
Our results show that IR upregulates the expression of the immu-
nologic adhesion molecule ICAM-I. Time course and dose re-
sponse of IR-induced ICAM-l transcription were similar to those 
Figure 5. Effect of IR on ICAM-l expression in human split-skin 
cultures. Cryostat sections were stained for ICAM-l using MoAb 84HI0 
and the APAAP staining technique. Immunohistochemical analysis of un-
irradiated control skin (A) shows lCAM-l-positive vessels (small arrow) 
within the papillary dermis (d) and no staining of the epidermis (e). Twenty-
four hours after exposure to 6 Gy (B) a focal staining is seen on basal and 
suprabasal epidermal (e) keratinocytes (large arrow). Within the papillary 
dermis (d), endothelial staining (sl/Jall arrow) is increased in terms of the 
number of positive vessels and signal intensity . Bar, 10 11m. 
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d escribed for othe r IR-inducible genes [25 ,26]. D e il OilO transcrip-
tion as well as mRNA stab ilizatio n have been shown to contribute 
to a varying extent to the upregulation of different genes by IR 
[27 ,28]. On th e basis of our studies using IR and ac tinomycin D, we 
conclude that the accumulation of IC AM-1 mRNA in irrad iated 
HeLa and H aCaT cells was primarily caused by de 110110 mRNA 
synthesis. 
Upregulatio n ofTNF-a and IL-1fi mRNA by IR preced ed , and 
could thus contribute to, ICAM-1 mRNA induction. Our experi-
ments, however, indicate that ICAM-l induction is independent of 
IL-1 and TNF-a. Furthermore, newly synthesized proteins and 
secreted factors could be ruled out as essential mediators of IR-in-
duced ICAM-l expression. Therefore, an autocrin e induction of 
ICAM-l , as reported for UV light induction of ICAM-l [11] and 
UV light induction of other genes [29], was not evident in our 
studies. These findin gs are important, as we also found that de 110110 
synthesized TNF-a is rapidly secreted into supernatants by HL60 
cells (Hintermeie r-Knabe R, Behrends U , unpublished results). 
The transcription factors NF-KB and AP-l are candidate m edia-
tors of IC AM-1 upregul ation after irradiation. For both, putative 
consensus-binding motifs have been identified within the ICAM-l 
5' flanking region [15,16]. IR enhances DNA-binding ofNF-KB 
and AP-1 as early as 15 min after irradiation [2 5,30]. Further inves-
tigations a re n eeded to examine the possible role of these transcrip-
tion factors in ICAM-1 upregulation after irradiation. 
To extend our studies to primary tissue , we investi gated ICAM-l 
regul ation by IR in human split-skin cultures. Unirradia ted control 
skin did not show any epidermal ICAM-l expression, but there was 
low constitutive expression on endothelial cells . This observation is 
consistent with previous reports of ICAM-1 expression in normal 
skin [8,12,13]. Focal induction of epidermallCAM- l expression 
and superinduction on microvascular endothelial cells of the papil-
lary d ermis w ere seen 24 h after exposure to 6 Gy. In the organ 
culture system used, there is no continuous source of leukocytes, 
normally supplied by an intact blood c irculation. Therefore, in our 
experimental model, we could not inves tiga te whethe r ICAM-1 
induction precedes and initiates T-cell infiltration, which is a salient 
feature of the cutaneous reaction to IR [31]. However, in other 
infl ammatory skin diseases, ICAM-1 h as been suggested to initiate 
T-ceU infiltration [12], and certainly in our system, ICAM-1 is 
upreg ulated on keratinocytes and endothe lial cells in the absence of 
infiltrating leukocytes. 
Comparative ly high single doses (10-40 Gy) were applied to cell 
cultures to show the effect of ionizing radiation on ICAM-l expres-
sion unambiguously. Similar doses have been utilized to demon-
strate the effects of ionizing radiation on the expression of other 
molecules [25 ,26]. In contrast, the dose applied to organ cultures 
(6 Gy) is within the range applied as a sing le dose in dermatologic 
radiotherapy (2 - 8 Gy) [19] and thus is re levant with regard to the 
routinely observed development of acute radiodermatitis . 
The data on human ICAM-1 regulation are in line with ill lI illo 
studies of murine ICAM-1 expression after lethal ionizing total 
body irradiation.§ ICAM-1 was upregulated on various murine tis-
sues as early as 3 h after irradiation. ICAM-l expression increased 
further until 24 h after irradiation and remained elevated for 3 d . 
This suggests that human ICAM-1 might a lso be upregulated in 
patients receivin g ionizing total body irradiation. Induction of 
ICAM- l by total body irradiation prior to bone marrow transplan-
tation m ay enhance adherence and subsequent a llogeneic activation 
of donor T-cells in the host. Therefore, the bene ficial effect re-
ported for anti - ICAM-1 MoAb durin g the course of semiallogen-
e ic bone m arrow transplantation in mice may partly be due to re-
duced preactivation of the host by conditioning tota l body 
§Behrends U, Hintermeier-Knabe R, HUllzelmann N, Oono T, Holler E, 
Krieg T , Hoffmann-Frezer G, Thierfclder S, Bornkamm G, Kolb HJ: 
ICAM-l: a central mediator of GvHD (abstr). ] Cell Biochem (suppl) 
16A:216, 1992. 
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irradia tio n [32] . Because, as shown here, ICAM-l is induced by IR, 
and because this induc tio n occurs independen tly ofIR-induced cy-
tokines such as TNF-a and IL-l, therapeutic interference w ith 
ICAM-1 function might provide a new option in the prophylaxis of 
acute g raft-versus-host disease. 
In conclusion, we propose th at ICAM-1 is an important radia-
tion-induced enhancer of immunologic ce ll adhes ion. Increased en-
dothe lia l adh esiveness and subsequent transendothelial migra tion 
may contribute to inflammatory chan ges after local irradiation. The 
faci litation of various immune cell functions Ilia IR-induced ICAM-
1 expression by host tissues is like ly to increase hos t susceptibili ty to 
early complications after allogeneic bone marrow transpl antation . 
This work was sl/pporced ill parc by Del/ csche Forsc/lIl11gsgcllleillsc/zaji GrallC De 405 
(KD) alld by NATO Collaboracive Research Grallc CRG 910310 (KD, SWC). 
We challk Clal/dia Kammerbal/er Jor excellwc eeellll ical assiscallce alld Dirk Eick 
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